Autographa californica nucleopolyhedrovirus (AcMNPV) orf5 (ac5) is a group I alphabaculovirus-specific gene of unknown function, although the protein (AC5) was previously reported to be associated with the per os infectivity factor (PIF) complex. The purpose of this study was to study the dynamics of AC5 during AcMNPV infection and to verify whether it is indeed a component of the PIF complex. Transcription and expression analyses suggested that ac5 is a late viral gene. An ac5-deleted recombinant AcMNPV was generated by homologous recombination. A one-step growth curve assay indicated that ac5 was not required for budded virus (BV) production in Sf9 cells. Scanning electron microscopy and transmission electron microscopy demonstrated that the deletion of ac5 did not affect occlusion body (OB) morphology, and nor did it affect the insertion of occlusion-derived virus (ODV) into OBs. Partially denaturing SDS-PAGE and a co-immunoprecipitation assay clearly showed that AC5 was not a component of the PIF complex, while the deletion of ac5 did not affect the formation and presence of the PIF complex. Further analyses showed, however, that AC5 was an OB-specific protein, but it was not detected as a component of BVs or ODVs. Bioassay experiments showed that the oral infectivity of ac5-deleted AcMNPV to third instar Spodoptera exigua larvae was not significantly different from that of the ac5-repaired virus. In conclusion, AC5 is an intrinsic protein of OBs, instead of being a component of the PIF complex, and is not essential for either BV or ODV infection. AC5 is awaiting the assignment of another hitherto unknown function.
INTRODUCTION
Baculoviruses are double-stranded DNA viruses that exclusively infect insects. These viruses have a variety of applications in many areas, and are employed as biological control agents against insect pests and as protein expression vectors, while they are also potential therapeutic gene deliveryvehicles. Over the course of approximately 300 million years of co-evolution with their insect hosts, baculoviruses have developed a unique biphasic replication cycle that is typified by the production of two different virion phenotypes: budded viruses (BVs) and occlusion-derived viruses (ODVs). ODVs are embedded within proteinaceous capsules, which are called occlusion bodies (OBs), and these protect the virions from external and internal degradation. After the ingestion of OBs, ODVs are released in the insect midgut lumen to initiate a primary infection of epithelial cells. Following this initial infection, progeny BVs are produced, which then carry out a systemic infection of the larval host. At the final stage of the infection, OBs are produced, predominantly in the fat body, and released upon liquefaction of the larval cadaver [1] .
To date, the genomes of over 80 baculoviruses have been sequenced. A survey of the genomic information revealeded considerable diversity in their gene contents, although 38 core genes have been found in all of the baculoviruses sequenced to date [2, 3] and these are believed to play important roles in the virus infection cycle. Based on phylogenetic analysis, baculoviruses are classified into four genera: Alpha-, Beta-, Gamma-and Deltabaculovirus. The genus Alphabaculovirus is further subdivided into groups I and II. Group I alphabaculoviruses are assumed to be a more recently evolved group within the family Baculoviridae. In this group I lineage, 11 unique genes, including gp64 (the major BV envelope fusion protein gene), have been identified [4] . GP64 is essential for virus entry and egress [5] , and the uptake of gp64 is considered to be an important event for the emergence of group I viruses [4] . In addition, two other specific genes, the ac73 homologue in Bombyx mori nucleopolyhedrovirus (BmNPV) and ac132, were reported to be required for infectious BV production [6] [7] [8] . The other eight specific group I alphabaculovirus genes appear to be nonessential genes for baculovirus replication [1] , although they may have auxiliary functions, e.g. the protein tyrosine phosphatase gene [9] assists virus replication/dissemination in certain conditions.
One of these unique group I alphabaculovirus genes, ac5, attracted our interest. AC5 was implicated as being associated with the per os infectivity factor (PIF) complex [10] , which plays an important role in ODV entry into host cells, in a co-immunoprecipitation (Co-IP)/mass spectrometric (MS) analysis. The homologue of ac5 (bm134) in BmNPV was reported to be dispensable for BV replication [6] . The localization of AC5 appeared to be controversial; two reports suggested that both AC5 and BM134 are ODV components [11, 12] . However a recent proteomic study identified BM134 in the OB matrix [13] . Therefore, the function of AC5 during virus infection, and in particular the question of whether it is associated with the PIF complex and involved in the per os infection process, requires re-examination.
In this study, the function of AC5 during virus infection was investigated using an ac5 deletion mutant. A one-step growth curve assay and a larval bioassay with this mutant showed that AC5 was not required for either BV replication in culture cells or oral infectivity. In contrast to previous reports, our results showed that AC5 is not a component of the PIF complex and deletion of ac5 did not impair the formation of this complex. Western blots clearly indicated that AC5 is an OB protein, but not a component of BV or ODVs.
RESULTS
Sequence characterization, transcription-and expression analyses of AC5 Homologues of AC5 have been found in all of the group I alphabaculoviruses that have been genome-sequenced to date (Fig. 1a) . Sequence alignment and secondary structure prediction showed that a conserved alpha-helix domain is located in the N-terminus of the protein. Position-specificiterated BLAST (PSI-BLAST) analysis classified this conserved region as a DUF2576 superfamily domain of unknown function. Interestingly, this region is rich with charged amino acids (Fig. 1a) . This domain is conserved among all AC5 homologues in group I alphabaculoviruses (Fig. 1a) Analyses of the potential promoter region of ac5 revealed a late transcription initiation motif, TAAG, 42 nucleotides upstream of the translation start codon, which suggests that ac5 may be a late viral gene. To further analyse the temporal transcription and expression of ac5, Sf9 cells were infected with AcBac-egfp-ph at a multiplicity of infection (m.o.i.) of 5 TCID 50 cell -1 and harvested at different time points after infection. For transcriptional analysis, 3¢-RACE analysis was performed with the first-strand cDNA having been reversetranscribed with adapter primer (AP), and further by PCR with ac5-specific inner primer/abridged universal amplification primer (AUAP). As shown in Fig. 1(b) , transcripts of ac5 with a size of~960 bp were detected from 12 to 72 h post-infection (p.i.) onwards. Sequencing of the DNA product located the polyadenylation site at 636 nts downstream of the ac5 stop codon (data not shown). This is consistent with the observation for this orf in a previous transcriptome study of AcMNPV [14] . The 5¢ untranslated region of ac5 contains the canonical TAAG sequence 42 nts upstream of the ac5 start codon, which is indicative of late gene expression. Western blot analysis of infected cell protein with polyclonal antibody (pAb) against AC5 (anti-AC5) initially detected a faint band with a predicted molecular weight of 12 kDa at 36 h p.i., with amounts accumulating at later stages of infection ( Fig. 1c. upper panel) . The expression of gp64 (early and late gene) and vp39 (late gene) was also detected and taken as an internal control for time-specific gene expression (Fig. 1c . middle and lower panels). Collectively, these data suggest that ac5 very likely is a late gene of AcMNPV.
ac5 is dispensable for BV production To investigate the function of AC5 during AcMNPV infection, the ac5 gene was deleted from the genome of an AcBacmid (bMNON14272) by homologous recombination to generate AcD5. In order to monitor OB morphology and infection of larvae, polyhedrin (ph) was reintroduced into the bacmid to generate AcD5-ph. To construct repaired bacmid AcD5-ac5 FLAG -ph, ac5 fused with a C-terminal FLAG tag and ph were co-inserted into the ph locus of AcD5 under the control of their own promoters (Fig. 2a) . The AcD5-ph and AcD5-ac5 FLAG -ph bacmids were used to transfect Sf9 cells. At 72 h post-transfection (p.t.), fluorescent cells were detected in both bacmid-transfected cells, which is indicative of successful transfections and replication (Fig. 2b) . Further infection assays using the transfection supernatants showed similar amounts of infected cells at 72 h p.i. (Fig. 2b) , demonstrating that ac5 is not required for infectious BV production of AcMNPV.
To confirm the correct deletion and restoration of ac5, Sf9 cells were infected with AcD5-ph, AcD5-ac5 FLAG -ph and the control virus AcBac-egfp-ph, respectively. Western blot analysis using anti-AC5 detected a specific band corresponding to the size of AC5 in AcBac-egfp-ph-infected cells and a band with a slightly higher molecular weight (AC5 fused with a FLAG tag) in AcD5-ac5 FLAG -ph-infected cells, but not in AcD5-ph-infected cells, showing that the recombinant viruses were constructed correctly. VP39, the major nucleocapsid protein, was used as a control for the quantity of the loading samples (Fig. 2c) .
To analyse the effect of the ac5 deletion on the growth of AcMNPV, one-step growth curve assays were conducted. Sf9 cells were infected with AcD5-ph, AcD5-ac5 , and growth curves were constructed using end-point dilution assays (EPDAs). As shown in Fig. 3 , the three viruses had similar growth kinetics for BV production and statistical analysis showed that there were no significant differences in the BV titres among the three viruses during all stages of infection (P>0.05).
ac5 deletion had no visible impact on OB morphogenesis Scanning (SEM) and transmission electron microscopy (TEM) were employed to find out whether AC5 is required for the morphogenesis of OBs or ODVs. OBs were purified from fourth instar Spodoptera exigua larvae infected with AcMNPV or AcD5-ph. The SEM electron micrographs showed that the OBs of both viruses had roughly similar sizes and surface structures (Fig. 4a) . The TEM results further showed that the OBs of both viruses contained properly embedded multiple-enveloped ODVs (Fig. 4b) . Therefore, AC5 is apparently not required for OB morphogenesis.
AC5 is not associated with the PIF complex and its deletion does not impact on the formation of the PIF complex It was suggested that AC5 is associated with the PIF complex in a co-IP/MS study [10] . To confirm this result, differentially denaturing SDS-PAGE analyses [10, 15] were carried out by using ODVs of AcMNPV or ac5-deleted AcMNPV recombinants treated with sample buffer under either mild (50 C) or denaturing (95 C) conditions, with these then being subjected to Western blot analyses. As shown in Fig. 5 (a), when pAbs was used against PIF1 (anti-PIF1), an approximately 170 kDa PIF complex band and a monomeric PIF1 band were detected in the AcMNPV ODVs after 50 C treatment (Fig. 5a , left panel), which was consistent with the report by Peng et al. [10] . The PIF complex band disappeared when the samples were treated at 95 C. A similar PIF complex band was also detected in the ODVs of AcD5-ph, suggesting that AC5 was not required for PIF complex formation (Fig. 5a, middle panel) . However, to our surprise, anti-AC5 was unable to detect any bands in the AcMNPV ODV samples after treatment under either set of temperature conditions (Fig. 5a, right panel) . These results suggest that AC5 is not a component of PIF complex.
A co-IP assay was performed to confirm whether AC5 might interact with the PIF complex. An antibody against PIF1, one of the core components of the PIF complex, was used to immunoprecipitate interacting proteins from AcBac-egfp-ph-infected cells. The precipitate was subsequently probed with different PIF antibodies. As demonstrated in Fig. 5(b) , anti-PIF1 precipitated P74, PIF2 and PIF1 itself, which are the components of the PIF complex [16] . In contrast, PIF5 and ODV-E66, two non-complex members [10] , were not identified by the co-IP experiment in which PIF1 was used as the bait. Similarly, AC5 was also not precipitated by the PIF1 antibody, further implying that AC5 is not associated with the PIF complex and does not interact with the detected PIFs.
AC5 is present in the OBs, but not in the BVs/ODVs
To identify the location of AC5, BVs, ODVs and OBs were purified as described in the Methods section and analysed by Western blots. As shown in Fig. 6(a) , AC5 was only detected in the sample containing OBs, and not in samples of the purified BVs or ODVs. The BV-specific protein envelope GP64, the ODV-specific envelope protein PIF5, the major nucleocapsid protein VP39 and the OB matrix protein PH were used as controls for the purity of the samples.
To further ascertain the presence of AC5 in OBs, the latter were heat-pretreated to inactivate endogenous protease, dissolved in DAS buffer and then subjected to high-speed centrifugation to pellet the ODVs. The supernatants (containing released matrix proteins) and pellets (containing ODVs and possibly undissolved OBs) were subjected to Western blot analyses. As shown in Fig. 6(b) , the majority of AC5 was found in the supernatant of OB lysate, but not in the pellet. A similar situation was also found for the PH, the major component of OBs. As controls, ODV structural proteins PIF5 and VP39 were only detected in the sample of pellets, but not in the supernatants of the OB lysates (Fig. 6b) .
To further confirm that AC5 is associated with OBs, Western blot analysis was conducted on OBs derived from AcMNPV, AcD5-ph or AcD5-ac5 FLAG -ph-infected larvae using anti-AC5. As shown in Fig. 6(c) , AC5 and AC5-FLAG proteins with expected size were detected in the OBs of AcMNPV and AcD5-ac5 FLAG -ph, respectively, while no bands were detected in the OBs of AcD5-ph. Taken together, these results indicate that AC5 is a component of OBs, but not a component of BVs or ODVs.
Deletion of ac5 had no obvious impact on oral infectivity To investigate whether AC5 has an impact on oral infectivity, bioassays were conducted using third instar Spodoptera exigua larvae infected with AcD5-ph or AcD5-ac5 FLAG -ph, respectively. Calculation of the two independent repeats of bioassays showed that the LC 50 values for AcD5-ph and AcD5-ac5 FLAG -ph were 6.9Â10 4 OBs ml À1 and 5.0Â10 4 OBs ml
À1
, respectively (Table 1 ). Statistical analysis showed that there was no significant difference in the LC 50 between the two viruses, as evidenced by the 95 % confidence interval of the potency ratio including 1.0 [17] . Therefore, AC5 appeared to be dispensable for oral infection, at least under the current experimental conditions.
DISCUSSION
Ac5 is a specific gene that only occurs in group I alphabaculoviruses. However, the function of AC5 and its homologues in the replication process of group I alphabaculoviruses remains a mystery. Initially, AC5 was identified as a component of AcMNPV ODV by MS analyses [11] , but it was not identified in AcMNPV BV proteins [18] , suggesting that AC5 is an ODV-specific protein. In 2012, Peng et al. demonstrated that AC5 may be associated with the PIF complex by a co-IP/MS analysis [10] . Therefore, the original intention of this study was to explore whether AC5 is indeed associated with the PIF complex, whether it plays a role in the oral infection process of group I alphabaculoviruses in insect larvae, or whether it might even be a new PIF.
Transfection/infection assays (Fig. 2b) and one-step growth curve analyses (Fig. 3 ) of ac5-deleted and -repaired recombinant viruses showed that AC5 is not required for infectious BV production in cultured cells, which is consistent with a similar finding in the BmNPV system [6] . The SEM and TEM results for ac5-deleted virus demonstrated for the first time that ac5 is also dispensable for OB and ODV morphogenesis (Fig. 4) .
As mentioned previously, ac5 initially attracted our attention due to the fact that it was reported to be associated with the PIF complex by MS analysis [10] . Our results clearly showed that AC5 is not a component of the PIF complex (Fig. 5) , and nor is it a component of BVs or ODVs; it is rather an intrinsic protein of OBs (Fig. 6 ). This conclusion that it is not a PIF was further confirmed by the results of the bioassays, where the OBs of AcD5-ph were clearly orally infectious ( Table 1 ). The discrepancy in the localization of AC5 between the previous reports (AC5 associated with ODV or as part of the PIF complex) and this study (AC5 not associated with ODV) may be due to the different sources of the OBs used for analyses. In the two previous reports, the OBs were either from infected Sf9 cells [10] or from infected Trichoplusia ni larvae [11] ; the OBs used in this study were from infected S. exigua. However, this may also be due to slight differences in the purification or detection methods. Since, for example, MS is a very sensitive method and AC5 is relatively abundant in OBs, the previous results for the detection of Ac5 in the PIF complex were not totally unexpected, but probably fortuitous [10, 11] .
In fact, AC5 is different from the currently identified PIFs in at least three aspects. (1) All nine pifs identified so far, including p74 (pif0), pif1-7 and vp91 (pif8) [3, [19] [20] [21] [22] [23] [24] [25] [26] [27] , are core genes of baculoviruses, but ac5 is only present in group I alphabaculoviruses. (2) AC5 lacks an obvious inner nuclear membrane sorting motif (INM-SM) [28] , while such motifs are commonly found in ODV envelope proteins such as PIF3 [29] , VP91 [30] , ODV-E66 [28] , ODV-E25 [31] and AC76 [32] , and also a transmembrane domain, which can be found in all PIFs. These signals appear to be important for the incorporation of the proteins into the ODV membrane [33] . (3) Ac5 is clearly not an ODV envelope protein, as demonstrated by our experiments.
Recent MS analysis identified an AC5 homologue (BM134) in the OB matrix of BmNPV [13] , which is consistent with our observations. With the exception of PH, the other proteins associated with OBs are the polyhedron envelope protein (PEP or pp39 exists in all of them except those of deltabaculoviruses), enhancin (exists in those of a few alphabaculoviruses and betabaculoviruses) and P10 (exists in those of alphabaculoviruses and some betabaculoviruses) [34] [35] [36] . Here, we identified AC5 as a newly discovered component of group I alphabaculovirus OBs.
The question then is, what is the function of AC5 embedded in group I alphabaculovirus OBs? We surmise that there might be several possibilities. The first one is that AC5 may BVs, ODVs and OBs of wildtype AcMNPV were purified and used for Western blot analysis. GP64, PIF5,VP39 and PH were used as controls for BV-specific, ODVspecific, nucleocapsid-specific and OB-specific proteins, respectively. (b). Detection of AC5 in the fractions of wild-type AcMNPV OBs by Western blot. OBs were dissolved with alkaline DAS buffer and then underwent centrifugation. The supernatant and pellet of the OB lysates were collected for Western blot analysis by using AC5. PH, PIF5 and VP39 were used as controls for OB matrix, ODV envelope and nucleocapsid respectively. (c) Detection of AC5 in the recombinant OBs. OBs of wild-type AcMNPV, AcD5-ph and AcD5-ac5 FLAG -ph were purified from dead larvae and subjected to Western blot analysis with antibodies against AC5 and VP39.
facilitate the entry of ODV into midgut cells after it is coreleased with the latter from the ingested OBs in the midgut. However, the AC5 proteins were significantly degraded if the OBs were not pretreated with heat to inactivate the endogenous protease before alkaline treatment (data not shown). The second possibility is that AC5 may contribute to the assembly of OBs, although it seemed that the deletion of ac5 did not have an obvious impact on OB morphology when it was examined by electron microscopy (Fig. 4) . In addition, subcellular localization analysis by immunofluorescence assays revealed that AC5 not only accumulated around the nuclear ring zone, the site for OB assembly, but was also found in the cytoplasm (data not shown), implying that AC5 may play other minor and as yet unknown roles during the virus replication cycle or under certain conditions. Further experiments are required to prove the above hypotheses and to disclose the detailed role of AC5 in the replication cycles of group I alphabaculoviruses.
METHODS

Insects, cell lines and viruses
The S. exigua larvae were reared on an artificial diet at 27 C. The Sf9 cells were cultured at 27 C in Grace's medium supplemented with 10 % foetal bovine serum (Gibco-BRL). The wild-type AcMNPV E2 is preserved in our laboratory and has recently been resequenced [37] . A recombinant AcMNPV, AcBac-egfp-ph, which contains an egfp reporter gene, was previously constructed by our laboratory [37] .
Sequence analysis of AC5 homologues
The protein sequences of the AC5 homologues were obtained from NCBI GenBank. Multiple sequence alignment was conducted by Clustal X in MEGA6, and the results were displayed using GeneDoc software. Conserved domains were searched by using PSI-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The secondary structure was analysed by Protein Homology/ analogY Recognition Engine v 2.0 (Phyre 2, http://www.sbg. bio.ic.ac.uk/~phyre2).
Preparation of monospecific pAbs
The full-length coding sequence of ac5 was amplified from the AcMNPV genome with the specific primers ac5-exp-F and ac5-exp-R ( Table 2 ). The PCR product was enzymedigested before being cloned into pET-32a(+) expression vector (Novagen) to generate the recombinant expression vector pET32a-ac5. The plasmid was sequenced and transformed into Escherichia coli BL21 for expression under induction with 1 mM IPTG at 37 C for 5 h. The expressed proteins were purified by a Ni 2+ column (Roche) and used to immunize rabbits to generate a monospecific polycolonal antibody (pAb) against AC5 (anti-AC5) according to the method described previously [38] . To generate antibodies against PIF5 and PH, fragments encoding 1-324aa of pif5 and full-length ph were amplified with pif5-exp-F/pif5-exp-R and ph-exp-F/ph-exp-R (Table 2 ) and inserted into pET28a+vector (Novagen). The purified PIF5 and PH proteins were expressed and purified as for AC5 and used to immunize rabbits. The generated pAbs were designated anti-PIF5 and anti-PH, respectively. . The cells were collected at 0, 6, 12, 18, 24, 36, 48 and 72 h p.i. For transcriptional analysis, total RNA was extracted with TRIzol reagent (Invitrogen) and 1 µg RNA was used for reverse transcription with the PrimeScript RT reagent kit (Takara) to synthesize the first-strand cDNA with the oligodT-containing adapter primer (AP), and then the ac5-specific primer ac5-F and the abridged universal amplification primer (AUAP) were used for PCR amplification of the ac5 transcripts ( Table 2 ). The PCR products from the 48 h.p.i samples were purified with a gel extraction kit (Omega) and cloned into pGEM-Teasy vector (Promega) for sequencing. For the AC5 expression profile analysis, the cells were washed three times with cold PBS, boiled with SDS-PAGE sample buffer [50 mM Tris (pH 6.8), 2 % (w/v) SDS, 10 % (v/v) glycerol, 1 % (v/v) b-mercaptoethanol, 0.1 % (w/v) bromophenol blue] for 10 min and analysed by Western blots with rabbit sera anti-AC5 (1 : 2000 dilution), anti-VP39 (1 : 5000 dilution) [18] and anti-GP64 (1 : 5000 dilution) [39] . An HRP-conjugated goat anti-rabbit antibody (1 : 5000 dilution, Sigma) was used as the secondary antibody.
Temporal transcription and expression analyses of
Construction and identification of ac5-knock out and repaired viruses
To knock out the ac5 gene from the genome of AcBacmid (bMON14272), linear fragments containing approximately 50 nts upstream and downstream sequences of ac5 that flank an egfp-Cm r cassette (containing an egfp reporter gene and a chloramphenicol resistance gene) were PCR-amplified using pKS-egfp-Cm r as a template [40] with the primers ac5-KO-F/ ac5-KO-R ( Table 2 ). The fragments were transformed into L-arabinose-induced competent cells, BW25113, containing AcBacmid and pKD46 (a helper plasmid that expresses the l-Red recombinase gene), and the positive clones were selected by chloramphenicol resistance and further confirmed by specific PCR and designated as AcD5. The ph gene was reintroduced into AcD5 by transposition using a previously constructed transfer vector pFBD-ph [41] to generate AcD5- -ph by that of the AcD5-ph. Significant difference was based on whether the 95 % confidence limit (CL) of the potency ratio included the value 1.0.
ph. To generate ac5-repaired bacmid, the ac5 coding sequence plus its native promoter were amplified with the primers ac5-rep-F and ac5-rep-R (Table 2) , and then cloned into pFBD-ph to generate the transfer vector pFBD-ac5-ph, while the repaired bacmid AcD5-ac5 FLAG -ph was generated by transposition.
To generate the recombinant viruses, bacmid DNA of AcD5-ac5 FLAG -ph and AcD5-ac5 FLAG -ph were individually transfected into Sf9 cells. At 72 h p.t., the cell supernatants were harvested to infect a new batch of cells and progeny recombinant BVs were harvested at 96 h p.i. To confirm the correct deletion/repair of ac5, Western blot analysis was performed using infected cells collected at 72 h p.i. and anti-AC5 (1 : 2000 dilution). VP39 was used as an internal control for the quantity of infected cells/protein applied. After probing with primary antibodies, HRP-conjugated secondary antibodies (1 : 5,000, Sigma) were used for visualization. Protein signals were detected by an enhanced chemiluminescence (ECL) kit (Thermo Fisher Scientific).
One-step growth curve assay Sf9 cells (3Â10 6 ) were infected with the viruses AcBac-egfpph, AcD5-ph and AcD5-ac5 FLAG -ph at an m.o.i. of 5. At 0, 24, 48, 72 and 96 h p.i., the supernatants were collected and the virus titres were measured by end-point dilution assays. Infections were performed in triplicate. The BV titres were analysed statistically using SPSS software and one-way analysis of variance (ANOVA).
EM analyses
The purified OBs of AcMNPV and AcD5-ph were used for SEM and TEM analysis as described previously [42] . Briefly, OBs were dried on silver paper at room temperature overnight, and the samples were further sputter-coated with gold for observation by SEM (HITACHI SU-8010). For TEM, OBs were fixed with 2.5 % (v/v) glutaraldehyde at 4 C overnight and ultrathin sections were prepared for examination by TEM (HITACHI H-7000FA) at an accelerating voltage of 100 kV.
Differentially denaturing SDS-PAGE analyses of the PIF complex
To detect the PIF complex in ODV samples, differentially denaturing SDS-PAGE was conducted as previously described [15, 16] . Briefly, ultracentrifugation-purified ODVs were heated at 50 C for 10 min with modified SDS-PAGE sample buffer [50 mM Tris (pH 6. , harvested at 72 h p.i. and disrupted in lysis buffer [PBS containing 1 % (v/v) Triton X-100 (Sigma)] with protease inhibitor cocktail (Roche), followed by centrifugation at 10 000 g for 10 min at 4 C. One-tenth volumes of the supernatants were preserved as the input controls, and the rest cells were divided into two equal parts and incubated overnight at 4 C with protein A agarose beads (NewZongke viral Disease Control Bio-Tech LTD, China) plus either anti-PIF1 pAb or pre-immune rabbit serum as a control. The beads were washed four times with lysis buffer and then precipitated for Western blot analyses. The primary antibodies used were as follows: anti-PIF1 (1 : 2000 dilution), anti-PIF2 [43] (1 : 2000 dilution), anti-P74 [43] (1 : 500 dilution), anti-PIF5 (1 : 2000 dilution), anti-ODV-E66 [18] (1 : 1000 dilution) and anti-AC5 (1 : 2000 dilution). Detection of AC5 in BVs, ODVs, or OBs by Western blot The purification of BVs, OBs and ODVs was conducted according to previously described procedures [18, 44] with minor modifications. For BV purification, haemolymph from the fourth instar S. exigua larvae orally infected with AcMNPV OBs was used to infect Sf9 cells. At 72 h p.i. the supernatants were harvested, the BV particles were ultracentrifuged with 20 % (w/v) sucrose cushion at 18 000 g for 1 h, and the pellets were resuspended in PBS and stored at À80 C for use. The OBs were purified from homogenized AcMNPV-infected cadavers by differential centrifugation followed by sucrose density gradient ultracentrifugation. The ODVs were liberated from OBs through incubation with DAS buffer (0.1 M Na 2 CO 3 , 0.15 M NaCl, 10 mM EDTA, pH 11.0) at room temperature for 5 min, and then neutralized with 1/10 vol of Tris-HCl (500 mM, pH 7.5). The ODVs were purified by ultracentrifugation through 30-60 % (w/v) sucrose at 20 000 r.p.m. for 1 h, the ODV multiple bands from the 40-55 % (w/v) sucrose layer were collected and diluted with at least 3Â volume of PBS, followed centrifugation at 20 000 r.p.m. for 1 h, and the ODV pellets were re-suspended in PBS and stored at -80 C for use. For the detection of AC5 protein in different fractions of the OB lysate, OBs (1Â10 8 ) were pretreated at 80 C for 40 min to inactivate endogenous protease before being dissolved in DAS buffer, neutralized by Tris-HCl and centrifuged at 5000 g for 5 min to remove debris. The clarified suspensions were further centrifuged at 20 000 g for 30 min, and the supernatants and the pellets were subjected to Western blot analyses using a similar method to that described above. The primary antibodies are as follows: anti-AC5 (1 : 2000 dilution), anti-GP64 (1 : 5000 dilution), anti-VP39 (1 : 5000 dilution), anti-PH (1 : 10 000 dilution) and anti-PIF5 (1 : 2000 dilution).
Bioassays
Early third instar S. exigua larvae were exposed to OBs of AcD5-ph and AcD5-ac5 FLAG -ph at different concentrations - -by a droplet feeding method [45] . For each concentration, 24 larvae were used and the experiments were conducted twice. The LC 50 values and the potency ratio of these two viruses were calculated using SPSS software (IBM) [17] . 
